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SUMMARY 


A theoretical study of full-length and shortened, two-dimensional, isen- 
tropic exhaust nozzles integrated with top-mounted ramjet-propulsion nacelles 
has been conducted. Both symmetric and asymmetric contoured nozzles with a 
range of angular orientations were considered. Performance comparisons to 
determine optimum installations for a representative hypersonic vehicle at 
Mach 5 cruise conditions are presented on the basis of cruise range, propulsive 
specific impulse, inlet area requirements, and overall lift-drag ratio. Aero- 
dynamic trim was not considered. The effect of approximating the nozzle inter- 
nal contours with planar surfaces and the determination of viscous- and frozen- 
flow effects are also presented. 


INTRODUCTION 

As aircraft cruising speeds increase toward hypersonic levels, the required 
propulsion system size increases relative to the aerodynamic lifting surfaces 
of the vehicle and assumes a more critical role in the configuration design pro- 
cess (ref. 1 ) . Past studies of hypersonic configurations (refs. 1 to 4) have 
considered propulsion systems consisting of engine modules which are highly 
integrated with the vehicle undersurfaces. The module inlet is generally 
located to take advantage of the precompression afforded by the forward portion 
of the vehicle undersurface, thereby minimizing the inlet area, the mass, and 
the resultant drag penalties. The undersurface of the vehicle afterbody is also 
used for additional external exhaust-nozzle expansion and, hence, reduces the 
internal nozzle length and exit area of the module. Additionally, the high- 
pressure forces acting over the nacelle cowling and the gross-thrust vector each 
contribute significant force components to the aerodynamic lift. 

Recently, the need to minimize the presence of the propulsion system rela- 
tive to ground observation (ref. 5) has resulted in a new class of hypersonic 
vehicles being identified for application in the high-altitude low-hypersonic- 
speed regime. One of these vehicle concepts is characterized by ramjet- 
propulsion nacelles installed on an upper surface of the vehicle, possibly the 
wing, with inlets located in either free-stream or near free-stream flow. The 
arrangement of the nacelle on the wing upper surface appears to be quite similar 
to that of a nacelle mounted on the wing lower surface, but simply inverted. 

In this application, however, the nacelles become considerably larger, as a 
result of having inlets in free-stream flew without the benefit of precompres- 
sion, and the exhaust nozzle is restricted to the nacelle itself. In addition, 
tlie inlet and nozzle surfaces may produce negative rather than positive lift 
cesnponents. 


In order to assess the feasibility of using a nacelle mounted in an 
inverted position on top of a vehicle surface, a theoretical study was performed 
ah the design cruise condition of a representative hypersonic aircraft to com- 
pare the effect nn cruise-range performance of several nozzle installations 


within the top--mounted nacelle arrangement. Each nacelle includes a free-stream 
inletr a subsonic combustion chamber, and a two-dimensional (2-D) exhaust nozzle. 
Representative flight conditions of Mach 5 and a cruising altitude of 30,48 km 
have been selected. Since the inlet is considered to be located in the free- 
stream flow (which will be the main factor affecting its si/e), major emphasis 
will be placed on the problan of integrating a two-dimensional exhaust nozzle 
into a complete propulsion package so as to obtain an optimized top-mounted 
nacelle. Representative values will be assumed for the inlet pressure recovery 
and the ramjet combustor efficiency in order to determine the exhaust- nozzle 
throat conditions. The effect on aircraft cruise-range performance of such pro- 
pulsion system design variables as length, orientation, and geometry of the 
exhaust nozzle will be examined for a representative set of hypersonic vehicle 
aerodynamics. 
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SYMBOLS AND ABBREVIATIONS 

area, 

asymmetric, inverted 
asymmetric, upright 
drag coefficient, D/qS„ 
lift coefficient, L/qS^ 
thrust coefficient, Py/qS^ 
drag, N 
force, N 

acceleration due to gravity, 9.807 m/s^ 
height, m 

specific impulse, Fy/ingf s 
length, m 
lift, N 

lift-drag ratio 

fuel mass flow per unit time, kg/s 
pressure. Pa 
dynamic pressure. Pa 
cruise range, km 
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reference coordinates 
f ree-stream conditions 


PROPULSION SYSTEM DESIGN FACTORS 

Arriving at an efficient ramjet-propulsion-system design that 
vehicle to achieve its cruise mission requirements involves a compromise tetwee 
mW conflicting variables. The cruise altitude, the flight speed.- 
locLion of the^inlet in the flow field, along with the compress ion- process 
efficiency and the degree of variable geometry, will all influence the inle 
sizermasL and drag. In addition, the ramjet burner must be able to accommo- 
date the required airflow over the speed range. The exhaust 
have a large effect on the final performance, drag, and mass of the overall 
p^puLirsystem. The exhaust- nozzle design and the method of its -tegrati^on 
in^o the nacelle will influence not only propulsive performance but ® 

affLt th^^uter n.celL shape and the direction of the thrust vector Factors 
such as contouring of the internal nozzle surface, viscous flow effects, and 
the state of the Lpanding exhaust gases (whether it approaches equilibrium or 
frLen) win influeLe the overall nozzle-design process and the resulting 

propulsive performance. 

The purpose of this paper is to examine the influence on the vehicle cruise 
oerformance S the geometry of a two-dimensional nozzle integrated into a top- 
narplle ffta 1) In this regard, three nozzle- integration geometries 
considered Ind^krl'llliltratld in figure 2. These geanetries include an 
inverted asymmetric (AI) nozzle, an upright asymmetric (AU) nozzle, and a sym 
metric (SY) nozzle. In previous studies of hypersonic propulsion integration, 
up^i^t asy^etke noLle was typically tcmblnea with a tottcc-mc^taa 
nacelle to prSuce both thrust and lift. Simply inverting the nacelle and its 
nozzle implies a negative component of lift, which would reduce a vehicle 
lift-to-dLg ratio and cruise performance. However, the inverted nozzle does 
appear to be the most volume-efficient concept for applications which may 
retire including a turbojet engine below the ramjet for low speed thrust, as 

shown in reference 6. 

In addition to comparing performance of the three nozzle concepts illus- 
trated in figure 2, other factors were assessed, such as nozzle length, gr 
thrust vector orientation, nozzle internal-surface contouring, viscol.,- flow 
e?felLrin?the assumed state of the exhaust gases. The resulting proplsive 
performance data were combined with the aerodynamic performance calculations 
for a hypersonic aircraft configuration to assess the impact of nozzle changes 

on cruise range. 


STUDY GUIDELINES 


Approach 


ti al 


In order to make comparisons 
nozzle/nacelle installations. 


of the performance of a large number of poten- 
some logical procedure must be adopted for 


11 Tho uonoral approach of thin 

0M«Wainin9 •>( tj„. ,„.,ny v....abW for aoK of 

r;‘:::r':iT;\r:;n.ur;iof.a;u;, . 

exhaust -noz-zle intcxj, ation. ’ iutent of the study is 

n:“ifrn«rasrerirhrr;soeuo/hos«^^^^^^^ 

upper surfaces, the ^ JJj hence, pitching maaents and tria con- 

dynaaic configuration J ' „acelle/nozzle could conceivably be mounted 

on such upper surfaces of ® ^ ^ preliminary study that top-aounted 

supporting pylons. If it can oe viable propulsion-system 

irra:sign%:S:s! ^^^"pft^ht^raoaent and trim considerations for the par- 
ticular configuration would be addressed. 


Propulsion Nacelle Description 


TO integrate the "^^^^^^^‘^^Ciuising conditions were assumed 

following ground rules ^te estabiishe . was considered to be 

to be Mach 5 at an altitude of 30.48 ka. The nacelle ^ 

installed on the “PE»' f hySreonlc vehicles. As shown in the 

surface which is typical of nacelle lower surface was assumed to 

rfu:rara1:nrhi^:n‘n^;f"oO ^fla- to^the^fr^^^ 

tf be :i!greriftrthrfree-ftr:rdi;"ectlon^ The length of the wing chord 
at the nacelle location was equal to nine inlet heights. 

The nacelle was held at a constant tJr' 

conditions and the lower ^rt°fLce'' at cruise flight conditions required 

study. The calculation of balanced forceo -mount causino a discontinuity 

that the vehicle angle of attack deviate a small ^ount, causing a^^^ 

between the wing and the bottom ^ the ®* . . the' scope of the present 

fX The'ffnaf^iienfatrcf Of the'nrcrile relative to the vehicle surfaces 

:^u?d: in Itself, be another iteration In the design process. 

The axial position of the upper corner of the :^^1 

located at the station of the wing addition, the end point of the bot- 

to 0.1658 of the inlet height J)- Jn a located on a plane 

tom surface of the nozzle, as ins oassed through the trailing edge 

which was aligned with the free-stream lo„er surface from 

of the wing. This imposed limit prevented any o. the nozzle low 
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projecting below the wing into the free-atream flow. In order to determine the 
optimum thrust vector angle, each nozzle confiidered was installed in the nacelle 
with several angular orientations. The angular orientation, length" and Tutet- 
throat!^^*^ contour of the nozzle determined the vertical location of the nozzle 

cowling began at the inlet-cowl lip, as shown in figure 3, and 

0 r a^d^O 7 lengths of 0.6, 

^ height, respectively, with the last panel extending 

waii^fh® f the top surface of the nozzle. In addition, a minimum c^wl- 

otatio^ ?ors^e o? thf specified at the nozzle throat 

^ f ^ w ^ angular nozzle orientations where the cowl exit would 
fr^ tL last panel, an aaaitional section was added Jo ewtel^ 

from the nozzle throat station to the end of the nozzle cowl. In figure 2 the 

^e^ired” ''ha-'a «ve cowl panels were 

wh«e onlv t^! f ‘"a‘alla“°"a represent nozzle orientations 

Where only the four cowl panels were required. The three initial cowl-panel 

TsO "Sf ^ o" hhe free-stream flow /ir/clTon 

or y » D f 2* 5 ^ and — 3 / respectively. 


Exhaust-Nozzle Throat Conditions 

fh,. emphasis in this study is centered on the performance of 

the exhaust nozzle and its integration with the ramjet nacelle, representative 

‘=°"^^hions were required as a beginning point for subse- 
^ef performance. A one- dimensional cycle program 

cllculltl^s aquilibriuaw raal-gas, ran,Je/internalSow 

S. assumed to be operating at full mass-flow capture 

S 30 4^ free-stream Mach 5 flow at an altitude 

tL co^dlHon, calculations were based on the following combus- 

tor conditions; an entering velocity of Mach 0.2, a hydrogen-air mixture having 

The f overall combustion efficiency of 0.95. 

^am^e^ equivalence ratio was considered a typical, throttled 

ramjet condition which would allow a sufficient thrust margin at cruise ” 0 ^ 
maneuvering and for altitude excursions. After combustionr^hfa^ entered 

of®thSarL"°^’'^® f calculations gave values 

arefcA/L -T?658)^wMch ’ ®ture (T/T„ = 9.4), and cross-sectional 

exSust-TOZzl^c!l!ulI^f^^« ?°"®tant for all subsequent two-dimensional 

eSiL?^ L!? Li " , utilized an isentropic, 

cifii expansion process so that the value of the ratio of spe- 

the LiXti ^ exhaust gases varied throughout the nozzle length. However, 

^SaaoS Tl^ subsequent two-dimensional exhauL-nozzle cal- 

s:fzi; ciic5rtjon:r^r:i^ur:f" fhe?pe:??ii^^:irrfti: ly" rwirsn""^ 

tL"1aI?L"^ySe':nalTs^ """ """ 
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Description of Exhaust Nozzles 

Two basic types of two-dimensional (2-D) exhaust nozzles were considered 
for integration with the nacelle. A sketch i>3presenting each type of nozzle 
is shown in figure 4. 

The SY nozzle has equal amounts of internal flow turning on both the upper 
and lower surfaces, with the length of the nozzle defined by the intersection 
of the last expansion wave with the opposing surface. The internal surface of 
the nozzle had reflexed contours to cancel all reflections of the expansion 
Mach waves as they intersected the opposing surfaces so that the resulting exit 
flow was uniform and parallel. 

The AI nozzle is essentially one-half of the SY nozzle with all dimensions 
doubled and the SY nozzle centerline replaced with a cowl internal surface hav- 
ing an angle of 0°. Because of the unsyiranetrical nature of this nozzle, a nor- 
mal force is produced for nozzles having less than full expansion which, when 
combined with the axial force, yields a gross thrust greater than that of the 
symmetric nozzle. The length of the cowl is defined by the last expansion wave 
of the initial lower-surface expansion fan. The initial expansion-fan waves 
reflect from the upper cowl surface and are cancelled when they reach the 
reflexed lower surface of the nozzle yielding uniform, parallel exit flow 
across the nozzle exit plane. The nozzle length is defined by the point where 
the last Mach wave reflected from the cowl intersects the nozzle lower surface. 

A basic parameter governing the performance of supersonic exhaust nozzles 
is the total amount of internal flow turning (that is, the cumulative degrees 
of supersonic flow turning experienced by a flow streamline as it passes from 
the nozzle throat to the nozzle exit plane) . A series of computer calculations 
were performed for a range of nozzle-design parameters in order to gain insight 
into the relationship of exhaust-nozzle gross-thrust performance to total intar- 
nal flow turning, length, and surface area of a nozzle and the relationship 
between fully expanded nozzles with uniform flow and shortened nozzles with 
exit-flov/ divergence. The results of this investigation are presented in the 
appendix. Under the conditions assumed, nozzles fully expanded to free-stream 
ambient pressure would require total internal flow turning of 74.8°. However, 
based on the gross-thrust performance trends shown in the appendix, there is 
only a slight gain in performance to be realized over the final half of the 
fully expanded nozzle length. Accordingly, two representative nozzles having 
total internal-flow turning of 64° and 72° were selected for each of the SY, 

AI, and AU nozzle types for further study of their applicability for integration 
with the ramjet nacelle. These nozzles correspond to initial throat-turning 
angles of 32° and 36°, respectively. The Method of Characteristics (refs. 10 
and 11) was used, with a constant ratio of specific heats of 1.30, to define 
internal contours of the nozzle. For nozzles with 64° and 72° of internal-flow 
turning, the full-length nozzle with uniform, parallel exit flow and shortened 
versions with reduced total internal turning and exit-flow divergence were inte- 
grated with the nacelle. 



\ 
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PKni-’ORMANCK CALCUI.ATION METHODS 
NacGl.lo Porco-Accounti ng Procedures 

In order to determine the overall forces acting on the nacelle for the 
various exhaust-nozzle installations resulting from’ the variety of nozzle 
ohapes, lengths, and orientation angles, the forces acting on the individual 
nacelle exponents were integrated for each SE>ecific nozzle considered and their 
contribution in the vehicle lift and drag directions were determined. A sketch 

of the nacelle showing the forces present and the equations used to calcula^-e 
them IS shown in figure 5. 

Since the inlet is operating in free-stream flow at full capture, the force 
acting at the inlet-plane airstream is simply the ram drag or the momentum of 
the entering flow. The forces acting over the external surface of the nacelle 
cowl were calculated by integration of the local surface pressures resulting 
frean either the two-dimensional shock waves or the Prandtl-Meyer expansion flow 
oyer each individual cowl panel. Viscous effects were not determined. In addi- 
tion, the minimum static pressure due to the expanding flow over the rearmost 
surface panels was limited to 0.3 of the free-stream static pressure, since it 
was felt that pressures below this value, while theoretically possible for 2-D 
flow, would not be attained in actual installations because of viscous effects 
limiting the amount of expansion that can take place. 

The inviscid pressure forces acting over the upper and lower inner sur- 
faces of the exhaust nozzles were integrated using the nozzle computer program 
described in the appendix, and the resulting force components in the axial and 
normal direction were determined. 


To complete the nacelle force accounting, the thrust force acting at the 
nozzle-throat entrance was calculated as the racmientum of the combustion stream- 
tube plus the force due to the pressure acting over this streamtube area. All 
pressure forces used in the force-accounting procedure were referenced to free- 
stream static pressure. 


Range Calculations 


In order to assess range performance, a typical hypersonic-cruise mission 
was postulated for a turboramjet-powered vehicle. The aerodynamic data for the 
vehicle at Mach 5 are shown in figure 6 and are considered representative of 
a hypersonic-cruise vehicle based on in-house analytical studies. 


To determine the effect on the cruise range of cumulative mass changes 
resulting from the large variation of nozzle installations, the baseline 
values shown in table I were assumed. The nacelle propulsion forces /ere 
integrated with the aerodynamic forces, and through an iterative procedure, 
the required inlet area and vehicle aerodynamic angle of attack, with a]l 
forces balanced at cruise, were determined. Once the proper values were 
established, the cruise range was calculated using the standard Breguet range 
equation ■ R = (VI^pL/D) In (W]^/W2) I and available cruise fuel. 
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A typical ranqc calcul at irm pcocoodod a;i ffil lowfi. The cpocil'ic nozzlo 
being connidorod was oriented in the propulsion nacellr' at a specified angle 
with respect to the nacelle reference line. An initial inlet capture area 
and vehicle angle of attack wore assumed, and the total nacelle forces in both 
the vehicle lift and drag directions were determined. The change in nozzle 
surface area from that of the nominal nozzle permitted an increment in nozzle 
mass to be determined, while the total ramjet mass was adjusted for the resiz- 
ing required for thrust to equal drag. Thus, a new takeoff gross mass and 
turbojet-system mass were determined. This new takeoff gross mass and the pre- 
scribed acceleration-fuel requirement resulted in a new value for the beginning- 
of -cruise mass. For this new mass, the required aerodynamic Cl and inlet area 
could be determined and compared to the previous values. The inlet area was 
iterated until the proper value was found which resulted in all forces being 
balanced at the cruise condition. The Breguet cruise range was then calculated 
using the overall effective L/D, the propulsive Isp» fuel remaining 

after the required acceleration fuel was subtracted from the fixed total fuel 
available. 


RESULTS AND DISCUSSION 
Cruise-Range Performance 

Orientation of nozzles .- In order to find an optimum cruise performance, 
each of the nozzles considered was rotated through a range of angles relative 
to the inlet, from 0° to 20° with respect to the flight direction, to change 
the direction of the thrust vector. A typical shortened version of the 64° 
total turning AI nozzle, which has 54° of indicated flow turning, is shown in 
figure 7 at three different orientation angles. The lift and thrust forces pro- 
duced by the nacelle and nozzle are given in figure 8 and are representative 
of all of the nozzles considered. The gross thrust is the dominant force, while 
the nacelle outer drag represents only a small fraction of the net thrust. By 
rotating the nozzle orientation angle, the component of gross thrust in the 
flight direction is reduced (resulting in a lower propulsive Igp)f and a com- 
ponent of lift is derived. These forces are combined with the basic aerodynamic 
forces of the vehicle in order to determine cruise-range performance using the 
method described in the previous section. 

Ef fec t of shorten ing nozzles .- The cruise-range performance for the full- 
length and shortened versions of the 64° total internal-turning nozzles is 
shown in figure 9 for all three nozzle types, while the performance for the 
full-length and shortened versions of the 72° total internal-turning nozzles 
is shown in figure 10. Performance is plotted against gross-thrust vector angle 
and is given in terms of propulsive Igp in the flight direction, overall inte- 
grated L/D (including thrust-vectoring effects), inlet-cowl area required for 
a 60-percent power setting at cruise, and the resulting cruise range. Addi- 
tionally, the angular differences betv?een the gross-thrust vector and the nozzle 
orientation angle, as well as the internal surface area, are presented in tab- 
ular form for each nozzle. The various nozzles are defined in terms of the 
total internal-flow turning present in the nozzle, excluding any flow -divergence 
effects. These data Include the effects of changing nozzle su' face on the 
overall vehicle mass. 








and tho minimum Inlet area achieved, with the^oDt- erulao range 

being approximately 10°. The long version-' nf vector generally 

and (b) and 10(a), (b) , (c) and ?dn ^ nozzles (flg,s. 9(a) 

the imposed ground-rule reitrictiin that Performance because of 

surface be located on a plLralianJ !k ^ ‘^°ttom 

tho trailing edge of the^wing. This and passing through 

tion, fixed horizontally at the wing trailinq nozzle-throat loca- 

a nacelle cowling with considerabL compriisiofsurf^cr resulted in 

free-stream and thereby caused excess iv^nfoi^^o ^f? exposed to the 

For these nozzles, the cowl forces domina<-«» pressure-drag forces, 

to the small nacelle-cowrLceTillustr^L °°"trast 

smaller nozzle size. As the nozzles were short? which represent a much 

generally attained the level of the AU and Al-nozzle performance 

Of the AU nozzles (figs Ha) (b? ?o^ ^°"9est versions 

hand, showed an advantage over the'sY and at 

additional lift componSt dIrLed ffl f nozzles. This resulted from the 
ting the vehicle to hevfa l^efaer“v^^lc!»vf‘"°’'"^" 

of attack and, hence, less drag. The gain in ^ lower angle 

assumed nozzle mass per unit surfac«» sLa ^ nozzles, for the 

ment in vehicle mass^^d a^ele^StlL J!.: than the decre- 

increased nozzle surface area Thps*» J“®^ *^®^n^^®™®nts resulting from the 
and AI nozzles emphasize the fac^that the Lfults versions of the AU 

integration study can be very sensitive to ^hf ®"y.P*^°Pnls ion-nacelle 

and to the ground rules assumed rare mi t- of installation chosen 

Of the overall studj rLult^ exercised in the interpretation 

0£t.imum performance based on nozzle surface aroa _ 
formance for each nozzle of figu res 9 am in h! k optimum range per- 

a function ot the nozzle internarsurfacf I 

performance of the various lenath<? an/i ♦- order to compare the range 

ments and the cooling Jeguireme^Js TtenTnl t mass incre- 

the internal surface arerrcrUiL^n^rfr^ the nozzle length make 

formance. The values for the nozzle Lrfacp*^a ®'"®luating overall range per- 
by the inlet-cowl area. Sketches of thP^thLf nondimensionalized 
also shown (fig, 12). °Ptnnura-performance nozzles are 


and 72oTuJiing fuirLnL'i'"“"'/^J^® Performance for installations of the 64° 

SY nozue, shortened to IpproxlmaMl^Slo S?“Jt«nen ‘“‘'"‘"5 

maximum range for the least nozzle lnfomr,i^ internal turning, results in the 

cent greeter than the «nge eoh eve"wUh thTw^i^ P''- 

(given in figs. 7 and 8) Lving a zero typical moderate sized AI nozzle 

performance achieved shows the imoortanco angle. The wide range in 

gration procedure on throvir^r^Lio^n e ®®"®i^i'^ity of the nozzle inte- 

aohievee a cruiae-range perjormance sia,U«"S™hr720 tSrnJno ‘“'^"‘"5/" "cede 
has a one-third increase in infermi o„ c turning SY nozzle but 

mance penalty when considering nozzle c^liL^''®^' ® Perfor- 

turning AI nozzles attain rcruiL iLarJh2? "®^“^*^®'"®"ts. The 64° and 72° 

AU nozzles but have a somewhat lower nozzle 

xower nozzle surface area at optimum performance. 
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Baood on tho cruino-rangi; IovoIr achiovod for tho varioun nozzle/nacello 
arrangements, it appears feasible, within the study ground rules, to integrate 
a fr.ee- stream inlet and a two-dimensional exhaust nozzle into an upper-surface- 
mounted ramjet nacelle. 

Effect of nozzle weight on performance .- The shapes of the performance 
curves given in figure 11 are strong functions of the mass penalties associ- 
ated with changing the nozzle size and geometry. To gain an appreciation of 
the effect of the nozzle mass on performance, calculations were made for the 
full-length and shortened 72° turning nozzles using nozzle masses per unit 
internal surface area of 97.65 and 146.47 kg/m^ in addition to the nominal 
value of 48.82 kg/m^ used in the study. The effect on the optimum range per- 
formance is shown in figure 13, and as expected, the cruise ranges decrease 
with increasing nozzle mass. The maximum cruise range is achieved using the 
SY nozzle for each of the masses considered, while the AI nozzle exhibits the 
smallest range decrements. For nozzles weighing three times more than those 
used in the study (146.47 vs 48.82 kg/m^), the AI nozzle has a decrement in 
optimum range of only 1.7 percent, while the AU and SY nozzles have range decre- 
ments of 5.0 percent and 3.0 percent, respectively. It is noteworthy that, as 
the nozzle mass increases, the optimum cruise-range performance of the AI and 
AU nozzles approach each other. The nominal mass penalty used for nozzles in 
this study is 48.82 kg/m^ of nozzle internal-surface area and is amplified to 
67.40 kg/ra^ when the impact of mass increases on the turbojet and ramjet engines 
are considered. Additional mass penalties brought about by variable-geometry 
and cooling considerations, along with other factors that might not have been 
considered in this study, would tend to negate the performance advantage of the 
long AU nozzles. For nacelle installations in which a short nozzle must be 
installed because of configuration restrictions, the shortened SY nozzle 
appears as the preferred candidate for achieving maximum performance with a 
minimum of nozzle length and internal-surface area. 

Range performance is reduced by fully expanding the exhaust-nozzle flow 
to free-stream ambient pressure, as can be seen by examining the trend of the 
ranges achieved in figures 11 and 13 at the higher values of Sn/Ai. increasing 
values of S^/Ai correspond to longer nozzles having greater amounts of internal 
flow turning with the flow expanded more nearly to the free-stream ambient 
pressure. Additional calculations were made to determine the impact of simpli- 
fied nozzle geometry and real-gas flow on performance. 


Planar -Surface Nozzle Approximations 

By using the nacelle with a 64° AI nozzle shortened to 54° of indicated 
flow turning as a reference, several, simple planar-surface approximations to 
the contoured internal nozzle surface were made to evaluate the effect on 
cruise-range performance. Use of planar internal nozzle surfaces would result 
in considerable reduction of fabrication cost and complexity of the nozzle 
installation and, in addition, would facilitate the incorporation of variable 
nozzle geometry for thrust vectoring over the vehicles operating envelope. 
Sketches of the nozzle-surface approximations which were considered are shown 
in figure 14. 
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Tho r.i mplor.t approximation of: th<; noxzl.o internal ;:urfaof in to iinr? ono 
planar nurfiaco oxtonding Crom tl'-' nozv:.l.o throat to tho noxxlo end j-xrint, which 
ronultn in an angle of 20.3*-' an nhown in the nppc?r nketch. A doner approxima- 
tion to the contoured noxzlf' wall in obtained by uning Iiwcj planar nurfacen as 
nhown in tho two middle nkotchen. Tho niirface referred to an the midixjiril: nur- 
face ntartn at tho nozzle throat at an angle of 26^^ and internectn the contoured 
wall at approximately tho nozzle-length midpoint. A 13.7^ planar surface then 
ext ndn to tho endpoint of the nozzle. The surface referred to an the slope- 
intercept .surface extends two planes, each tangent to the contoured nozzle sur- 
face at the throat and nozzle endpoints and forming angles of 32° and 1 2°, 
respectively, which intersect each other below the contoured nozzle surface. 

The lower sketch is a one-planar-surf ace approximation to the contoured nozzle 
which is at an angle of 28° and results in a nozzle having a considerably 
larger exit area than the contoured nozzle. 

The cruise performance using the nacelles containing the planar-surface 
nozzle approximations is shown in figure 15. The best approximation, of those 
considered, is the midpoint nozzle using two planar surfaces, which attains a 
maximum range performance reduced approximately 1.5 percent from that obtained 
with the contoured nozzle. The simplest approximation, one planar surface, 
results in a value for the maximum range-performance parameter approximately 
5 percent belcw that obtained with the contoured nozzle. The nozzle approxi- 
mations using the slope intercept and increased exit-area surfaces attain range- 
performance values approximately midway between the nozzles using the midpoint 
and one-planar surfaces. For some applications, the simplification and addi- 
tional nozzle versatility resulting from the use of planar-surface exhau.st 
nozzles may offset the relatively small losses in range performance. Detailed 
trade-off studies would have to be conducted to evaluate each particular 
installation. 


Viscous- and Frozen-Plow Effects 

Since all of the previous nozzle/nacelle analyses consi ’sred inviscid, 
isentropic flow (y = constant 1.30), the 64° AI nozzle shortened to 54° 
of indicated flow turning was selected to assess the effects on cruise per- 
formance of nozzle operatic'' with representative viscous and frozen flow. 

The viscous forces were evaluated from the shear forces obtained by using a 
Spalding-Chi calculation and by assuming the following nozzle parameters 
derived from in-house exhaust-nozzle analyses; a Reynolds number per meter 
of 9.84 X 10^, a nozzle wall temperature of 333 K, a Prandtl number of 0.7, 
and a virtual origin 1 . 524 m ahead of the nozzle throat. As an approximation 
of frozen-flc5W conditions, the exhaust gases were considered frozen at the 
nozzle throat and a value of the ratio of specific heats of 1.24 was assumed 
constant throughout the nozzle. Based on tabulations in reference 8, this value 
(Y = 1.24) was chosen as representative of a lower bound on the specific heat 
ratios for frozen flew at the assumed throat conditions over a range of fuel 
equivalence ratios. 

The cruise-range performance data for the nozzle with Vxscous and frozen 
exhaust flow Is presented in figure 16. Ihe viscous effects on the optimum 
range performance results in a 2.7 percent reduction from the reference 
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isentropic-Clow condition. Addition of frozen-flow effects introduces an addi- 
tional loss in range of 2.3 percent for a total range reduction of 5.0 percent. 
For comparative purposes, the performance of the simplest planar-surface approx- 
imation to the contoured nozzle, consisting of one planar surface from the noz- 
zle throat to the nozzle-surface endpoint, is shown assuming ooth vii ^ous and 
frozen flow. This nozzle-range performance is approximately 10.5 percent below 
that of the contoured isen tropic-flow nozzle and gives an indication of the mag- 
nitude of the cruise-range performance loss incurred due to both simplification 
of the nozzle surface contours and consideration of "real-gas" effects. 


CONCLUSIONS 

A study has been conducted to determine the relative merits of integrating 
various two-dimensional exhaust nozzles with a ramjet nacelle mounted on the 
upper surface of a vehicle cruising at Mach 5 with a free-stream inlet. A 
force-accounting procedure was used to sum the inlet ram-drag effects, the 
external pressure forces over the nacelle surfaces, and the exhaust-nozzle 
gross-thrust vectoring to determine the optimum orientation of the nozzle 
installation for maximum cruise-range performance. Force moments and any 
required trim effects were not addressed because the present study was con- 
sidered preliminary. Trim consideration would require a specific aerodynamic 
configuration and propulsion system installation and represents a further 
iteration in the overall design procedure. Careful consideration must be given 
to the effects on final cruise-range performance of the assumed study ground 
rules and any imposed vehicle installation restrictions when evaluating the 
relative performance of the various nozzle shapes and lengths. Prom the results 
of the analysis, the following points are considered significant; 

1 . Based on the cruise-range levels achieved, it appears feasible, at 
cruise conditions of Mach 5 and 30.48 km altitude, to integrate a free-stream 
inlet and a two-dimensional exhaust nozzle into an upner-sur face-mounted ramjet 
nacelle. 


2. On the basis of minimum internal-surface area, the two-dimensional 
exhaust nozzle achieving the maximum cruise-range performance, within the 
assumed study guidelines, was a symmetric nozzle designed for 72° of total 
internal turning which was shortened by eliminating a number of the final 
expansion waves to give approximately 64° to 66° of internal turning. The 
same cruise-range performance was achieved with a 72° total turning upright 
asymmetric nozzle shortened to 66° of turning, but the wetted internal-surface 
area of the nozzle increased by 33 percent. 

3. The optimized maximum range of the three types of nozzle/nacelle 
installations ronsidered was within approximately 4 percent of each other. 

4. Range performance is reduced by fully expanding the exhaust-nozzle flow 
to free-stream ambient pressure; the slight gain in gross-thrust performance 
being more than offset by the large increase in wetted internal-surface area 

of the nozzle and the attendant mass penalties. 
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5. Simplification of the nozzle internal contour by using an approximation 
consisting of two planar panels resulted in an approximately 1.5 percent 
reduction in the maximum cruise range for the 64° asymmetric inverted nozzle 
shortened to 54° of indicated flow turning. Further simplification, by using 
only one planar panel, resulted in approximately a 5 percent loss in the maxi- 
mum cruise range. 

6. An evaluation to determine viscous and frozen chemistry effects resulted 
in a 2.7 percent decrease in the maximum range when considering the flow to be 
viscous and a 5.0 percent reduction when considering the flow to be both viscous 
and frozen at the nozzle throat for a 64° inverted asymmetric nozzle shortened 
to 54° of indicated flow turning. 


National Aeronautics and Space Administration 
Langley Research Center 
Hampton, VA 23665 
July 31, 1980 
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APPENDIX 


EFFECTS OP INTERNAL FLOW TURNING ON PERFORMANCE OF NOZZLES WITH 
UNIFORM FLOW AND WITH PLOW DIVERGENCE 
Exhaust-Nozzle Performance Calculations 

Calculation procedures .- in determining the forces acting on the internal 
surfaces of the nozzles under consideration, use was made of a computer program 
designed to calculate two-dimensional supersonic flows (y = constant) including 
the formation of shi)ck waves and the external plume resulting from the interac- 
tion of the nozzle flow with the external flow field. The computing procedure 
involves both finite-difference downstream "marching" and floating shock- 
fitting technigues. A description of the methods used in the computer program 
can be found in references 9 and 12. 

The nozzle internal forces were determined by integrating the pressure 
forces acting over the internal surfaces of the nozzle. The nozzle internal- 
surface contours were supplied as input for each of the nozzles considered. 

In order to determine a suitable grid spacing to be used in the computer-program 
numerical analysis, several computer calculations were made for a nozzle with 
isentropic, uniform, parallel exit flow over a range of grid spacings. The 
resulting internal nozzle forces were then compared to the ideal-nozzle thrust 
forces calculated using the flow tables of reference 13 for the same throat con- 
ditions and amount of total, internal flow turning. Shown in figure 17 are the 
results of the various grid spacings on the nozzle gross thrust as calculated 
with the computer program. The results are shown as the deviation of the nozzle 
computer-program force values from those computed using the tabulated ideal flow 
values. As the input grid spacing decreases, the computer -program force values 
asymptotically approach within approximately 0.6 percent of the ideal value 
calculated using the flow tables. Agreement of approximately 0.6 percent of 
gross thrust results in about a 2 percent agreement in net thrust, which was 
considered acceptable for numerical analyses of this nature. From computing- 
time and expense considerations, a grid spacing of 75 points at the nozzle 
throat was used for all subsequent nozzle calculations. 

Nozzle lengths and internal surfaces .- In order to determine the exhaust- 
nozzle lengths and to define the internal-surface contours of the nozzles 
selected to investigate effects of nozzle length reduction, detailed layouts 
of isentropic nozzles having uniform, parallel exit flows were made using the 
Method of Characteristics. Only AI and AU nozzles were defined since the SY 
nozzles would be mirror images of the AI and AU nozzles with all dimensions 
halved as shown in figure 4. A discussion of the procedures involved in 
utilizing the Method of Characteristics can be found in references 10 and 11. 

The nozzle flows were defined using 4° wave-spacing increments. Accuracy of 
the nozzle layouts were verified by comparing the exit areas of the fully 
expanded nozzle determined in the layouts with those determined by theoretical 
calculations using flow tables (ref. 13). A representative layout and internal- 
surface contour for a 64° turning AI nozzle is shown in figure 18. Total 
internal turning of 74.8° (y = 1.30) is required for a full-expansion nozzle 
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the shortened versions of the 64° total turning^ uniform, parallel exit flow, 

AI nozzle. As the nozzle is shortened by eliminating a number of tha final- 
expansion Mach waves, the total internal-flow turning indicated is achieved 
along the last expansion wave that lies below the expansion fan that originates 
from the nozzle throat. In the upper region of the nozzle, approaching the cowl 
surface, the expansion turning angle is reduced and the direction of the flow 
becomes aligned with the cowl surface. For an indicated expansion angle of 42°, 
the flow direction in the bottom portion of the nozzle is downward, at an angle 
of 22° from the axial direction, and the region of flow divergence is 28 percent 
of the projected exit area. Several shortened versions of both the 64° and 72° 
turning full-length nozzles were considered for the AI, AU, and SY nozzles. 
Sketches of the wall contours of shortened versions of the 64° turning full- 
length AI nozzle are shown in figure 22. 

The wetted internal areas of both the full-length and shortened versions 
of the AI, AO, and SY nozzles are shown in figure 23. The values of wetted 
area have been nondimensionalized by the wetted area of the reference, full- 
length 64° turning AI nozzle. 

Performance comparison .- The gross-thrust performance of the shortened 
versions of the 64° and 72° turning nozzles is compared in figure 24 to the 
performance of a series of full-length, uniform, parallel-exit-flow nozzles for 
the AI, AU, and SY nozzles. The comparison is based on the amount of nozzle 
surface area exposed to the internal flow and covers a range of internal flow 
turning from approximately 42° to 72°. The values have been nondimensionalized 
by the appropriate values for the reference, uniform, parallel-exit-flow AI 
nozzle having 64° of total internal-flow turning. 

For the AI, AU, and SY nozzles, it is seen that, for a given gross-thrust 
requirement, there is a significant reduction in the internal-flow wetted area 
when utilizing a shortened nozzle. The shortened nozzle has a higher initial 
throat-turning angle with nonuniform exit flow as compared to the full-length 
nozzle which has a uniform, parallel exit flow but a lower initial throat- 
turning angle. This trend was previously alluded to in the lower curves of fig- 
ure 20 where it was shown that there was a large increase in internal surface 
area with only a minor gain in gross thrust as the nozzle was fully expanded to 
free-stream ambient pressure. The lowest amount of wetted internal surface area 
for a required gross-thrust level is attained with a shortened SY nozzle, with 
the larger amount of internal turning at the nozzle throat giving the best per- 
formance at the higher values of gross thrust. 
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Table I.- BSSELINE VM.CJES BSSOMED FOR CROISE-RANGE CALCULATIONS 


Giosa takeoff mask (with nominal inlet and exhaust notzle), kg . . 

*••••••* 

Sea-level thrust loading 

Turbojet thrust/weight (Includes inlet requirements) 

Total fuel capacity, kg 

Fuel to accelerate to cruise (percent of gross takeoff mass) . . . 

Ncminal total inlet area (turbojet and ramjet), m^ 

Fuel equivalence ratio at cruise 

Ramjet mass (includes inlet requirements; based on 

total inlet area)f kg/m 

Exhaust nozzle mass (based on internal surface area), kg/m^ . . 

Hass at end of cruise (with nominai inlet and exhaust nozzle), kg 


90 718 
0.48 
6 

24 494 
. . 10 
. 9.29 

. . 0.6 

11 71 .78 
48.82 
66 224 
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Asymmetric inverted (AI) nozzle 



Asymmetric upright (AU) nozzle 













Figure 5.- Nacelle force accounting. 
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(a) Full-length nozzles^ v = 64^. 

Figure Cruise-range performance of 64^ turning 
full-length and shortened nozzles. 
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(f) Shortened nozzles, v * 46°. 


Figure 9.- Continued 
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Figure 15.- Performance of planar-surface nozzle app_" >ximations 
64° AI nozzle shortened to v = 54°. 
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Figure 20.- Gross thrust of isentropic nozzles with uniform 

parallel exit flow. 





46° turning shortened nozzle 



42° turning shortened nozzle 



Figure 22.- Shortened versions of 64° turning full-length AI nozzle. 





